The maturation and degradation of RNA molecules are essential features of the mechanism of gene expression, and provide the two main points for post-transcriptional regulation. Cells employ a functionally diverse array of nucleases to carry out RNA maturation and turnover. Viruses also employ cellular ribonucleases, or even use their own in their reproductive cycles. Studies on bacterial ribonucleases, and in particular those from Escherichia coli, are providing insight into ribonuclease structure, mechanism, and regulation. Ongoing biochemical and genetic analyses are revealing that many ribonucleases are phylogenetically conserved, and exhibit overlapping functional roles and perhaps common catalytic mechanisms. This article reviews the salient features of bacterial ribonucleases, with a focus on those of E. coli, and in particular, ribonuclease III. RNase III participates in a number of RNA maturation and RNA decay pathways, and is regulated by phosphorylation in the T7 phage-infected cell. Plasmid and phage RNAs, in addition to cellular transcripts, are RNase III targets. RNase III orthologues occur in eukaryotic cells, and play key functional roles. As such, RNase III provides an important model with which to understand mechanisms of RNA maturation, RNA decay, and gene regulation. ß
Cellular ribonucleases: a riot or regulation?
Many RNA molecules must undergo speci¢c cleavage reactions in order to attain their mature, functional forms. In addition, every RNA ultimately is degraded to mononucleotides. These maturation and decay reactions are carried out by cellular ribonucleases, which exhibit diverse structures and mechanisms of action. Ribonucleases can be grouped broadly into two classes, according to the manner in which they cleave RNA. Endoribonucleases cleave internal phosphodiesters, while exoribonucleases cleave RNA chains from the 3P or the 5P terminus, typically in a processive manner, creating mononucleotide products. The end result of cutting and trimming is a properly matured, functional RNA, or mononucleotides which are used in new RNA synthesis.
RNA processing and decay nucleases play important, even essential roles in post-transcriptional regulation. Thus, the rates of maturation and decay, in addition to transcription frequency, establish the steady-state level of an mRNA, and as a consequence determine the rate of synthesis of the encoded protein. Assuming comparable transcription and translation rates, a quickly degraded mRNA will exhibit a lower steady-state concentration and correspondingly lower level of translation than the same mRNA which is degraded more slowly. The employment of unstable mRNAs also allows the cell (or infecting virus) to rapidly shift gene expression patterns, wherein the synthesis of proteins no longer needed can be e¤ciently stopped through cessation of transcription, coupled with rapid mRNA decay [1] .
Many cellular ribonucleases exhibit substantial nonspeci¢c action in vitro. This behavior might be regarded as an intrinsic feature of any degradative nuclease. In fact, RNA processing and decay nucleases are highly selective in vivo, and are responsive to speci¢c signals created by secondary structure and/or sequence elements in RNA. The site of cleavage can determine mRNA half-life, or establish optimal RNA function. Important experimental goals therefore include the determination of the substrate sequence and structural features (reactivity epitopes) that identify ribonuclease cleavage sites, and how ribonuclease activity is regulated. One theme presented in this review is that not only are there RNA signals that promote site-speci¢c cleavage, but RNA signals (`antideterminants') that prevent cleavage. A second theme is that selectivity and control in RNA maturation and decay can be conferred by the association of ribonucleases in multicomponent assemblies. These themes will be discussed within the context of the mechanisms of action of bacterial ribonucleases.
Escherichia coli has been a particularly useful organism with which to characterize cellular ribonucleases and their role in RNA metabolism [2] . A special focus is given to E. coli ribonuclease III, which exhibits a number of features that are providing fresh insight into ribonuclease structure and regulation. Eukaryotic ribonucleases will be discussed within the context of discerned functional and structural similarities to bacterial counterparts. Other reviews should be consulted for comprehensive or focused discussions of bacterial ribonucleases [3^5].
Overview of bacterial RNA maturation and decay
The bacterial cell, like all cells, devotes a signi¢-cant amount of its resources to the synthesis of mRNA and stable RNAs, including tRNA and rRNA. Essentially all stable RNA precursors undergo one or more maturation reactions. For example, bacterial tRNA maturation involves endonucleolytic cleavage by RNase P, which creates the mature 5P terminus (see also below, and the review on RNase P elsewhere in this volume), while tRNA 3P end maturation is accomplished through the action of a collection of 3PC5P exoribonucleases (see also below, and [6] ). Ribosomal RNA maturation in bacteria is initiated by endonucleolytic cleavage of the primary transcript during its synthesis. These cleavage events release the precursors to 16S, 23S, and 5S rRNAs, as well as several tRNAs, which are matured by additional endonucleolytic and 3PC5P exonucleolytic cleavages [7] . The exoribonucleolytic trimming of 3P ends is a common ¢nal step in the maturation of the stable RNAs of E. coli, which exhibit a duplex structure created by base-pairing of the 5P and 3P terminal sequences [8] (Figure 1 ).
Bacterial messenger RNA maturation reactions are less common. An important example is provided by T7 phage and its relatives, which synthesize early in infection a polycistronic mRNA precursor that undergoes several site-speci¢c cleavages, providing the mature mono-and dicistronic mRNAs (see also below, and [9] ). There also are a number of examples of splicing of bacteriophage mRNAs, which involves endonucleolytic cleavage coupled with ligation (reviewed in [10] ).
Bacterial mRNA degradation pathways have now been described. A major pathway for E. coli mRNA decay consists of a succession of endonucleolytic cleavages which exhibit an overall 5PC3P directionality. Closely coupled to these cleavages is the 3PC5P exonucleolytic digestion of the fragments to mononucleotides [11^13] . Messenger RNA degradation is closely linked to translation, and can be dependent on the frequency of translation initiation. Thus, the initiating step for decay frequently involves site-speci¢c cleavage in the 5P proximal portion of the mRNA, near the translation initiation site. The 5PC3P directionality of the subsequent endonucleolytic cleavages may in part re£ect the movement of the last translating ribosome [14] . Ribosomes can directly inhibit degradative endonuclease action by occluding cleavage sites [15] . Thus, mRNAs can be stabilized through their active translation.
A major pathway for bacterial mRNA decay involves a multicomponent particle, termed the degradosome, which among other activities contains an endonuclease, RNase E, and an exonuclease, polynucleotide phosphorylase [16, 17] (see also below, and the review in this volume). However, mRNA degradation pathways exist which do not appear to involve the degradosome (e.g., see [18, 19] ). Given the central physiological importance of RNA turnover, it is not surprising that an increasing number of cel- Fig. 1 . Processing of the 3P ends of the small, stable RNAs of E. coli [8] . Shown are the proposed base-paired terminal structures for tRNA and ¢ve other stable RNA species. The arrows indicate the action of 3PC5P exoribonucleases (see text). The nucleotides in the mature species are indicated by bold-face. lular factors are being identi¢ed that are involved in RNA decay and its control. For example, the product of the E. coli mrsC allele is involved in normal mRNA decay as well as RNA synthesis [20] . Analysis of the mrsC allele reveals it to be the h£B gene, which encodes a membrane-associated, ATP-dependent protease [21] . It has been proposed that proteolytic activation of one or more ribonucleases may be important in establishing mRNA decay pathways [21] .
Bacterial exoribonucleases
There are eight characterized 3PC5P exoribonucleases of E. coli, which may represent a complete inventory [5, 8] . In yeast, a number of 3PC5P exoribonucleases participate in a speci¢c assemblage, termed the exosome [22] . However, there is no evidence for a similar association of bacterial 3PC5P exoribonucleases. There also has been no report of a 5PC3P exoribonuclease activity in E. coli or other bacteria. In contrast, eukaryotic cells use at least two 5PC3P exoribonucleases as key participants in RNA processing and decay pathways [23] .
3.1. Polynucleotide phosphorylase E. coli polynucleotide phosphorylase (PNPase) is encoded by the pnp gene, which maps at 69 minutes on the chromosome [24] . PNPase exhibits an K 3 subunit structure, and uses phosphate as cosubstrate to carry out 3PC5P phosphorolysis of RNA chains, producing ribonucleoside 5P-diphosphate products [25] . E. coli PNPase is a processive enzyme, but can be blocked by RNA secondary structure. PNPase of Bacillus subtilis also is impeded by RNA hairpins [26] , and it has been shown to be directly involved in the decay of fragments of the ermC mRNA, which encodes a protein conferring resistance to erythromycin [27] . In B. subtilis, phosphorolysis rather than hydrolysis may represent the predominant pathway of 3P end-speci¢c RNA decay [28] . E. coli PNPase is a component of the degradosome [16, 17] , and along with RNase II is a primary agent in the exonucleolytic degradation of mRNA fragments (see also below). E. coli PNPase also functionally overlaps tRNA nucleotidyl transferase in the repair of the tRNA 3P terminal CCA sequence [29] . E. coli PNPase has been shown to bind DNA in a sequence-speci¢c manner [30] . However, the functional importance of this behavior is not known.
PNPase activity is important for cell membraneassociated processes. For example, B. subtilis PNPase is required for competence in DNA uptake [31] , although the speci¢c functional role has not been determined. B. subtilis PNPase 3 mutants are sensitive to tetracycline, which may re£ect a defect in the export of the antibiotic from the cell [32] . E. coli PNPase 3 mutants are also sensitive to tetracycline, as well as other antibiotics [33] . It is possible that the PNPase dependence of these cytoplasmic membrane-associated processes re£ects the involvement of speci¢c proteins, encoded by mRNAs whose maturation and/or breakdown involves PNPase. PNPase is important for cell growth at low temperatures. Thus, PNPase is a cold shock protein of E. coli and of Photorhabdus [34, 35] , and is important for growth of Yersinia enterocolitica and B. subtilis at low temperatures [32, 36] . The importance of PNPase for growth at low temperature may re£ect a requirement of ribosome function on a phosphorolytic activity (see below); however, a cell membrane-dependent e¡ect may also be operative.
Ribonuclease PH
E. coli RNase PH is encoded by the rph gene, which maps at 81.7 minutes, and encodes a 25.5-kDa polypeptide. The active form of RNase PH may be an K 2 dimer (reviewed in [37] ). RNase PH and PNPase exhibit similar sequences, suggesting a common catalytic mechanism [38] . Indeed, RNase PH also uses phosphate as cosubstrate to degrade RNA, producing ribonucleoside 5P-diphosphates. RNase PH is a conserved activity, as orthologues are present in plants, fungi, worms and mammals [22, 38] . A primary role of RNase PH is tRNA 3P end maturation, which also involves the action of several other exoribonucleases [6, 37] .
RNase PH is not essential for cell viability, which re£ects a functional overlap with other exoribonucleases. In fact, an E. coli. RNase PH 3 , PNPase 3 double mutant is cold-sensitive, which re£ects a defect in 50S ribosomal subunit assembly and function [39] . It has not been determined whether the phos-phorolytic activity per se, or some other common feature of RNase PH and PNPase is required for large subunit function. This role of RNase PH is apparently conserved, as mutations in a yeast RNase PH orthologue also interfere with large ribosomal subunit assembly and function [40] .
3.3. Ribonuclease II E. coli RNase II is encoded by the rnb gene, which maps at 29 minutes [41] . RNase II is a conserved activity, as orthologues have been identi¢ed in yeast, mammals, and protozoans, as well as other bacteria [38] . For example, the Saccharomyces cerevisiae 3PC5P exoribonuclease Rrp44p is an RNase II orthologue [22] . RNase II is a Mg 2 -dependent phosphohydrolase, and degrades single-stranded RNA, creating ribonucleoside 5P-monophosphate products [42, 43] . RNase II exhibits processivity, but can be blocked by RNA secondary structure [43] . Poly(A) is the most reactive substrate for RNase II in vitro [42] . This sequence preference, and the occurrence of 3P poly(A) tails on mRNA degradation intermediates [11, 12] , implicates RNase II in mRNA decay. Indeed, RNase II and PNPase are the primary exonucleases involved in mRNA turnover: while the two enzymes can functionally substitute for each other, the loss of both activities is lethal [44] .
3.4. Ribonuclease R E. coli RNase R is encoded by the rnr gene, mapping at 95 minutes [45] . The 92-kDa polypeptide exhibits V60% sequence similarity to RNase II, and the C-terminal domain contains an RNA binding domain similar to that in PNPase [45] . Although RNase R is not essential for cell growth, it shares with PNPase at least one important role, as E. coli cells de¢cient in both RNase R and PNPase are inviable [45] . RNase R is important for expression of the virulence phenotype of Shigella, and the enteroinvasiveness of speci¢c E. coli strains [45] . The precise involvement of RNase R in establishing these phenotypes is not known.
RNase D
E. coli RNase D is encoded by the rnd gene, mapping at 40 minutes on the E. coli chromosome. RNase D is a 43-kDa polypeptide [46, 47] , and is a divalent metal ion-dependent phosphohydrolase which cleaves RNA chains to produce ribonucleoside 5P-monophosphate products [46, 47] . RNase D is involved in tRNA 3P end formation, although a role in RNA degradation is also possible. RNase D activity may be regulated in the T4-infected cell, through association with a T4-induced polypeptide [48] . Other nucleases containing the conserved RNase D domain are present in fungi, worms and mammals, and include the 3PC5P exonuclease activity of DNA polymerases [38, 49] .
3.6. Ribonuclease T E. coli RNase T is encoded by the rnt gene, mapping at 36 minutes, and is a 23.5-kDa polypeptide which is active as an K 2 dimer [50] . RNase T exhibits sequence similarity with E. coli DnaQ protein and the family C DNA polymerases [51] , and is a member of the 3PC5P exonuclease superfamily [49] . E. coli RNase T participates in the 3P end maturation of 5S rRNA and tRNAs, as well as the maturation of M1 RNA, 10Sa RNA, 6S RNA, and 4.5S RNA [8] . RNase T is the most e¡ective of the eight exoribonucleases in its ability to remove nucleotides immediately adjacent to the mature, base-paired termini of the stable RNAs (Figure 1 ), and therefore may provide the ¢nal maturation step for these RNAs [8] .
3.7. Ribonuclease BN E. coli RNase BN is encoded by the rbn gene, mapping at 88 minutes on the E. coli chromosome [52] . RNase BN is a V60-kDa polypeptide, and participates in the maturation of tRNA 3P ends [37] . Disruption of the rbn gene has no e¡ect on cell growth [52] , suggesting a functional overlap of RNase BN with one or more of the other 3PC5P exoribonucleases.
Oligoribonuclease
E. coli oligoribonuclease is encoded by the orn gene, which maps at 94 minutes [53] . The protein is active as an K 2 dimer, and is highly conserved across phylogeny [53] . Oligoribonuclease is a member of the 3PC5P exonuclease superfamily [49, 53] , and therefore probably employs a conserved catalytic mechanism to hydrolyze short oligoribonucleotides to 5P-mononucleotides. A functional role has not been established, but one possibility is that oligoribonuclease carries out the ¢nal degradation of short mRNA fragments [53] .
Bacterial endoribonucleases
The biochemical behaviors and functional roles of ¢ve well-characterized E. coli endoribonucleases are presented below. There are numerous earlier reports of RNA-cleaving activities in E. coli cell-free extracts (reviewed in [4, 5] ). Some of these activities may be alternate manifestations of characterized endoribonucleases, while others may be distinct, and remain to be fully characterized.
Ribonuclease I
E. coli RNase I is encoded by the rna gene, mapping at 14.3 minutes [54] . RNase I is active as a monomer, with a molecular mass of V27 kDa. RNase I cleaves within unstructured regions through a substrate-assisted pathway, involving nucleophilic attack of the 2P-hydroxyl group on the adjacent phosphodiester, forming a 2P,3P cyclic phosphodiester RNA terminus [42] . RNase I is not essential for cell growth, and is present in the periplasm where it may play a role in RNA scavenging. A cytoplasmic form of RNase I, termed RNase I*, has been described [55] . RNase I* activity appears to be masked by a protein inhibitor [56] . The role of RNase I* is unclear, but may be involved in RNA turnover under speci¢c conditions [55, 56] .
Ribonuclease III
E. coli RNase III is encoded by the rnc gene, which maps at 55 minutes. RNase III is a doublestranded-RNA-speci¢c, Mg 2 -dependent nuclease which cleaves phosphodiesters to provide 5P-phosphate, 3P-hydroxyl termini (for reviews see [57^59]). RNase III is active as a 52-kDa homodimer, with a subunit mass of 25.6 kDa (226 amino acids). RNase III participates in the maturation of rRNA precursors, and initiates the decay of speci¢c mRNAs (see also below). Although RNase III is not an essential activity, E. coli RNase III 3 mutants exhibit slower growth rates, which may be due to a defect in protein synthesis [60] . The decreased translational capacity may re£ect a defective 50S subunit containing an incompletely matured 23S rRNA [61] .
RNase III is widely if not universally distributed among the eubacteria. The presence of an RNase III gene in the small genome of Mycoplasma genitalium [62] underscores the conserved functional importance for a dsRNA-cleaving activity. RNase III of Rhodobacter capsulatus (Rc-RNase III) has a high sequence similarity to E. coli (Ec) RNase III, exhibits the same divalent metal ion dependence, and can cleave an Ec-RNase III substrate at the canonical site in vitro [63, 64] . In contrast, Ec-RNase III cannot cleave an Rc-RNase III substrate, derived from an intervening sequence in R. capsulatus 23S rRNA [64] . Bacillus subtilis RNase III (Bs-RNase III) exhibits a 36% sequence similarity with Ec-RNase III, and can complement the rRNA processing de¢ciency of an E. coli RNase III 3 mutant [65] . A biochemical comparison of Bs-RNase III and Ec-RNase III reveals that Bs-RNase III can cleave an Ec-RNase III substrate at the canonical site, but that Ec-RNase III cannot recognize a Bs-RNase III substrate [66] . The eubacterial RNase III homologues therefore exhibit non-reciprocal substrate speci¢cities, which re£ects subtle di¡erences in protein and/or substrate sequence which have not been identi¢ed (see also below).
RNase III orthologues have not been detected in any of the sequenced archaeal genomes. In this regard, maturation of the rRNA precursor of the archaeon Haloferax volcanii involves cleavage by the bulge-helix-bulge (BHB) endonuclease, which recognizes sites whose positions formally correspond to those of eubacterial RNase III, but which instead exhibit a BHB secondary structure motif [67] . The BHB endonuclease also carries out tRNA intron excision [68, 69] .
RNase III orthologues occur in eukaryotic cells. The S. cerevisiae nuclease Rnt1p exhibits a 20% sequence similarity with E. coli RNase III [70] , while the Schizosaccharomyces pombe Pac1 nuclease exhibits 25% similarity [71] . A comparative biochemical study revealed that Pac1 nuclease cleaves an E. coli RNase III substrate at the canonical site [72] . However, E. coli RNase III fails to recognize a Pac1 substrate in vitro (I. Calin-Jageman and A.W. Nicholson, unpublished). Interestingly, S. pombe and Caenorhabditis elegans encode a protein which exhibits an RNase III sequence and a DExH-box RNA helicase sequence [71, 73] . The function of this protein in RNA metabolism is not known. Finally, an RNase III orthologue has been detected in the genome of a virus that infects the unicellular alga, Chlorella [74] . The function of this protein has not been established.
4.3. Ribonuclease P E. coli RNase P is a heterodimer of an RNA and a protein. The 377-nt RNA subunit is encoded by the rnpB gene at 70 minutes, while the V13-kDa protein subunit is encoded by the rnpA gene at 83 minutes. RNase P is a ribozyme, as the RNA subunit contains the catalytic site, while the protein subunit facilitates substrate recognition (reviewed in [75, 76] ). RNase P is an essential activity, with both the protein subunit and the RNA subunit required for activity in vivo. RNase P creates the mature tRNA 5P ends, as well as that of 4.5S RNA, which is a component of the signal recognition particle. A comprehensive discussion of RNase P structure and function is presented elsewhere in this volume.
Ribonuclease E
E. coli RNase E is encoded by the rne gene, which maps at 24 minutes. RNase E is a Mg 2 -dependent phosphodiesterase, and cleaves within unstructured, A,U-rich sequences, providing 5P-phosphate, 3P-hydroxyl termini (for reviews, see [12, 77] , and elsewhere in this volume). Although the predicted mass of the RNase E polypeptide is 116 kDa, the SDS gel electrophoretic mobility indicates a mass of V180 kDa, suggesting an atypical structure. RNase E is widely distributed among the bacteria [78, 79] , and functional homologues have been characterized in mammalian cells [80^82] . Although RNase E has been characterized as an endonuclease, a recent report indicates that RNase E can shorten 3P poly(A) and poly(U) tails in an exonucleolytic fashion in vitro, releasing mononucleotide products [83] . The involvement of this activity in RNA decay has not been established.
RNase E is involved primarily in mRNA decay. However, it has at least one additional role in cleaving the ribosomal RNA transcript, providing the immediate precursor to 5S rRNA [7] . RNase E is an integral component of the degradosome [16, 17] . The carboxy-terminal portion of RNase E engages in interactions with PNPase and the RNA helicase, RhlB [78, 84, 85] , while the N-terminal domain contains the catalytic site [86] . A recent study has shown that RNase E action involves recognition of the 5P end of its substrates. Thus, circularization of an RNase E substrate, or sequestration of the substrate 5P endproximal sequence by an antisense oligonucleotide, can inhibit e¤cient cleavage by RNase E in vitro [87] . Moreover, substrates with monophosphorylated 5P ends are more reactive than the corresponding 5P-triphosphate-containing RNA [87] . The 5P end dependence has been proposed to account for the 5PC3P vectorial behavior of RNase E-dependent mRNA degradation [87] . This behavior would be compatible with the movement of the last translating ribosome [14] . A more extensive discussion of RNase E, and degradosome function in RNA decay pathways is discussed in recent reviews [12, 77] , and elsewhere in this volume.
Ribonuclease HI
E. coli RNase HI is encoded by the rnhA gene, mapping at 5 minutes on the chromosome. RNase HI is a Mg 2 -dependent phosphodiesterase, and cleaves the RNA strand of RNA-DNA hybrids, creating 5P-phosphate, 3P-hydroxyl termini (reviewed in [5, 88] ). The functional role(s) of RNase HI are obscure, and RNase HI 3 mutants are viable. However, the substrate speci¢city suggests a primary role for RNase HI in DNA metabolism. In this regard, RNase HI plays an essential role in ColE1 plasmid replication, wherein it cleaves an RNA primer to provide a 3P end that initiates DNA synthesis [88] . A second gene, rnhB, encoding RNase HII has been identi¢ed, which maps at 4.5 minutes [89] . E. coli RNase HII exhibits only a V17% similarity to RNase HI, and there is no information on its biochemical properties or functional role. RNase HII homologues are widely distributed in the genomes of eubacteria, archaea and eukarya [38] . A comparative biochemical analysis of RNase HII of the archaeon Pyrococcus kodakaraensis with RNases HI and HII of E. coli, indicates that RNases HI and HII are structurally and functionally similar, despite a low sequence similarity [90] .
Bacteriophage ribonucleases
Bacteriophage T4 encodes two ribonucleases, one of which is involved in T4 DNA metabolism, while the other post-transcriptionally regulates T4 gene expression. The T4 orfA (33.2) gene encodes an RNase H activity [91] . The 35-kDa polypeptide is a 5PC3P exonuclease, and participates in T4 DNA replication by removing the pentameric RNA primers attached to the 5P ends of newly synthesized chains [91] . In this regard, T4 RNase H resembles the gene 6 exonuclease of phage T7 and the 5PC3P exonuclease domain of E. coli DNA polymerase I [91] . T4 RNase H therefore is mechanistically distinct from RNases HI and HII (see above).
A second ribonuclease activity of T4 is associated with the 18-kDa product of the regB gene. The RegB nuclease cleaves within the Shine-Dalgarno sequences of speci¢c T4 mRNAs, down-regulating their translation [92, 93] . Since many mRNAs have internal GGAG sequences which are not recognized, additional factors must control RegB nuclease activity. A clue to RegB selectivity is its association with the ribosomal protein S1, which strongly stimulates RegB activity [92] . An in vitro genetic selection analysis which used the RegB-S1 protein combination as the RNA target identi¢ed the GGAG tetranucleotide sequence as the only conserved element in the reactive substrates, with an additional preference for £anking A,C-rich sequences [94] . These data indicate that RegB nuclease selectivity for the Shine-Dalgarno sequence re£ects a physical association of the nuclease with the 30S subunit [91] , which also binds mRNA translation initiation signals. The RegB nuclease provides an important example of the involvement of subcellular localization on control of RNA processing enzyme activity.
6. Function, mechanism and regulation of ribonuclease III E. coli RNase III plays key roles in both the maturation and the decay of diverse cellular and viral RNAs. These roles, and speci¢c biochemical features of RNase III (see below) underscore the value of this nuclease in understanding ribonuclease function and regulation. This section discusses recent studies on RNase III. Previous reviews [57^59] should be consulted for more comprehensive discussions of earlier research on RNase III.
RNase III functional roles
A primary role for RNase III is the maturation of the ribosomal RNAs. E. coli RNase III cleaves the V5500-nt primary transcript of the rRNA operons, providing the immediate precursors to the 16S and 23S rRNAs. RNase III recognizes dsRNA structures formed by base-pairing of complementary sequences £anking the 16S and 23S rRNAs (reviewed in [7] ). Since these cleavage reactions occur during transcription, the full-length precursor normally is not observed. In several other bacteria, RNase III excises intervening sequences within the rRNA cistrons, creating fragmented yet functional species. For example, RNase III of R. capsulatus and of Salmonella typhimurium excises intervening sequences in the 32 P-labeled form, and puri¢ed by gel electrophoresis. Each RNA (50 nM) was incubated with puri¢ed RNase III (10 nM) at 37³C in bu¡er containing 250 mM potassium glutamate, 10 mM MgCl 2 , 30 mM Tris-HCl (pH 7.5), 0.1 mM EDTA, and 0.1 mM DTT. Aliquots were removed at the indicated times, and electrophoresed in a 20% polyacrylamide gel containing 7 M urea. The products of cleavage at sites`1' and`2' are indicated. Also, 5P and 3P indicate the products containing the 5P or 3P terminus of the substrates, respectively. The 5P cleavage product of mini-R1.1[WC] RNA was present, but too faint to be captured in the image. C 23S rRNAs [95, 96] . Interestingly, intervening sequence removal is not required for S. typhimurium 23S rRNA function, as an RNase III 3 mutant retains the intervening sequences, and is viable [97] . It has been proposed that rRNA fragmentation may allow the cell to degrade the rRNA more e¤ciently during growth under stressful conditions [98] .
Eukaryotic RNase III orthologues also participate in rRNA maturation. The S. cerevisiae nuclease Rnt1p site-speci¢cally cleaves the primary transcript within a stem-loop structure in the 3P external transcribed spacer (3P-ETS), at an early step in the rRNA processing pathway [70, 99] . In contrast to the bacterial rRNA precursor (see above), the yeast rRNA precursor is completely synthesized before maturation commences [99, 100] . There is evidence that the 3P-ETS not only contains an RNase III cleavage site, but also includes a signal for initiating upstream processing events [99] . The delay in maturation has been proposed as a`quality control' mechanism, wherein creation of the 3P-ETS indicates correct termination of transcription, thereby signaling that the rRNA sequences have been completely synthesized and are competent for processing [100, 101] .
Other stable RNAs are created through RNase III action. E. coli RNase III cleaves a phage T4 transcript which contains eight tRNAs, and two additional stable RNA species of unknown function (reviewed in [102] ). RNase III cleavage is required for proper maturation of the 5P-end-proximal tRNA. Thus, the absence of RNase III causes rapid turnover of the phage tRNA, perhaps due to incorrect folding of the tRNA, which triggers a degradative pathway [103] . B. subtilis RNase III cleaves a transcript containing the small cytoplasmic (sc) RNA, which is a component of the signal recognition particle [104] . S. cerevisiae Rnt1p cleaves the precursors to the spliceosomal U2 and U5 snRNAs [105, 106] , as well as a dicistronic transcript encoding the U14 and snR190 snoRNAs [107] . In the latter case, the maturation process is completed by exonucleolytic trimming. It is now apparent that RNase III plays a major role in yeast snoRNA maturation: an S. cerevisiae strain which has a disrupted RNT1 gene exhibits reduced levels of 19 of 42 snoRNAs, with a concomitant accumulation of precursors of these species [108] .
As mentioned above, bacterial mRNA maturation reactions are less common, compared to the processing of stable RNAs. However, where such mRNA processing occurs, RNase III is often the participating nuclease. RNase III is solely responsible for maturation of the V7000-nt polycistronic early mRNA precursor of phage T7, creating the mature monoand dicistronic species [9] . Several T7 late mRNA precursors are also cleaved by RNase III [9] . Since T7 can grow on E. coli RNase III 3 strains, these processing reactions are not essential for T7, at least under normal growth conditions, and it remains unclear why the T7 genome is relatively densely populated by RNase III processing signals. This mystery notwithstanding, RNase III action provides stemloop structures at the 3P ends of the T7 mRNAs, which contribute to their chemical stability by blocking 3PC5P exoribonuclease action (e.g., see [109] ). T7 mRNAs are not only long-lived, but are also 3P-polyadenylated [110] . These two features suggest the intriguing possibility that T7 mRNAs may be translated as polyadenylated species, and that the poly(A) tail may in£uence translation, similar to the situation with eukaryotic mRNA [111] .
RNase III can initiate mRNA degradation. RNase III cleavage within the 5P untranslated region (5P-UTR) of its own mRNA promotes subsequent degradation by an RNase E-dependent pathway, which down-regulates RNase III production [112^114]. In the absence of cleavage, the 5P-UTR element is su¤-cient to stabilize heterologous downstream sequences, while RNase III cleavage destabilizes the transcripts [113, 114] . Other examples of RNase IIIinitiated degradation via 5P-UTR cleavage have been described (reviewed in [115] ). RNase III cleavage in the 3P-UTR of the phage lambda integrase mRNA removes a hairpin stem-loop structure, allowing 3PC5P exoribonuclease degradation of the mRNA and suppressing integrase production [116] . RNase III-dependent RNA degradation can be mediated by antisense RNA. Antisense RNAs recognize complementary sequences in RNA targets, creating dsRNA structures that occlude ribosome binding sites or coding sequences, or which alter target RNA conformation and function [117] . RNase III cleavage of sense-antisense duplex structures irreversibly destroys the ribosome binding sites or coding sequences, thereby enforcing negative regulation [117] .
There are several instances where RNase III controls mRNA translation. RNase III cleavage stimulates the translation of at least two T7 mRNAs, apparently by removing structured elements in the 5P-UTR which interfere with 30S ribosome subunit binding (reviewed in [57, 58] ). The E. coli alcohol dehydrogenase mRNA is translationally inactive until site-speci¢cally cleaved in the 5P-UTR by RNase III [118] . Cells that lack RNase III fail to grow anaerobically in the presence of glucose, although anaerobic growth can occur with more oxidized carbon sources such as glucuronate [118] . An interesting example of translational control by RNase III processing is provided by plasmid R1, in which cleavage within the coding sequence of a plasmid mRNA directly suppresses production of the protein [119] . Finally, it has been proposed that RNase III can control translation of a phage lambda mRNA in the absence of RNA cleavage [120] . However, there has been no direct biochemical demonstration of such an RNA binding behavior of RNase III.
RNase III substrate reactivity epitopes
How RNase III selects its cleavage sites has been a perplexing question. For example, although RNase III cleaves cellular and viral substrates in a site-speci¢c manner, RNase III can also degrade dsRNAs of low sequence complexity, providing 12^15-bp duplex products. Moreover, some cellular RNAs exhibit double-helical elements of lengths apparently su¤-cient for reactivity, yet are not cleaved. Recent studies are beginning to resolve these apparently disparate phenomena, and are revealing that RNase III substrate reactivity epitopes incorporate several structural and sequence features, which are discussed below.
Double-helical structure
RNase III substrates contain a V15^20-bp dsRNA as a common structural element [575 9,121] . The minimum length that confers reactivity is slightly greater than one K-helical turn. Thus, a 12-bp RNA hairpin, derived from a T7 RNase III substrate and which also contains a single-stranded 5P extension, can be e¤ciently cleaved in vitro ( Figure  2 ). However, helix length per se does not select the scissile bond, since either shortening or lengthening the V22-bp stem of a T7 RNase III substrate does not change the site of cleavage [122] . This contrasts C Fig. 3 . Position-speci¢c exclusion of W-C bp sequence in E. coli RNase III substrates [124] . A: Substrate alignment analysis. Ten substrates were aligned, whose cleavage sites were accurately determined. Each substrate provided two sequences for alignment, re£ecting a two-fold symmetry about the RNase III cleavage site (indicated by the vertical arrowhead between nucleotides 31 and +1). The data represent the number of times (n = 20) each W-C bp occurs at positions +1 to 312. Position 312 represented the duplex limit for most substrates. P values from a M 2 analysis are also provided. B : The`disfavored' W-C bp, displayed in a duplex structure. The rectangles indicate the proximal box (PB) and distal box (DB), which are included within an 11-bp helix. The letter S = C or G, with SP complementary to S. N, NP indicate complementary nucleotides, while n, nP indicate a less strict complementarity. Arrowheads indicate the (blocked) cleavage sites. C: Absence of conservation (degeneracy) of the`allowable' sequences in the proximal and distal boxes. H = A,G,U, with DP (A,C,U) complementary to H; B = C,G,U, with VP (G,C,U) complementary to B; W, WP = A,U. D: Secondary structure of the T7 R1.1 RNase III substrate [9] , showing the proximal and distal boxes, and the single cleavage site within the [4/5] asymmetric internal loop (see also text).
with the yeast tRNA splicing endonuclease, in which the cleavage site is determined by the distance from one end of the dsRNA element [68, 69] .
Watson-Crick base-pair sequence
The involvement of Watson-Crick (W-C) bp sequence as a reactivity epitope has been controversial [57, 58, 121, 123] . However, it is apparent that RNase III does not behave in the manner of a restriction enzyme, which exhibits a highly speci¢c sequence requirement. To determine whether there is a more subtle involvement of W-C bp sequence, well-characterized RNase III substrates were aligned with respect to their cleavage sites. The alignment revealed that speci¢c W-C bp sequences are underrepresented in two regions relative to the cleavage site: a 3-bp proximal box', and a 2-bp`distal box' (Figure 3 ) [124] . The W-C bp sequence exclusion is statistically signi¢cant, suggesting that the presence of these sequences may in£uence substrate reactivity. Indeed, incorporation of one or more of the excluded W-C bp in the proximal or distal box positions in a model substrate strongly inhibits cleavage in vitro, due to a weakened binding of RNase III [124] .
How might these inhibitory W-C bp act as reactivity epitopes, and select the scissile bond(s)? The W-C bp may`mask' otherwise reactive phosphodiesters, such that by default, the scissile bond is identi¢ed by the absence of the inhibitory W-C bp sequences in the corresponding proximal and distal box positions [124] . Given the constrained set of inhibitory sequences, it follows that the`allowable' W-C bp in the proximal and distal boxes are degenerate. This sequence degeneracy is in accord with the ability of RNase III to degrade dsRNAs of low sequence complexity, or containing random sequences. In summary, the essential nature of RNase III may be that of largely sequence-nonspeci¢c nuclease, but which carries out speci¢c cleavage of cellular and viral processing signals due to (i) limited helical length, and (ii) a limited set of W-C bp which control cleavage in a position-speci¢c manner.
The inhibitory W-C bp also may serve as protective elements for dsRNA structures with essential intracellular functions. Although it is known that loops and bulges in dsRNA block RNase III cleavage [125, 126] , these motifs necessarily disrupt regular double-helical structure, which may be required for function. In contrast, the inhibitory W-C bp can block RNase III recognition without disrupting structure. The inhibitory W-C bp, in addition to loops and bulges, can be considered RNase III processing antideterminants. Antideterminants were ¢rst described as features of tRNA which assist in the ¢delity of tRNA-protein transactions by blocking recognition by noncognate aminoacyl-tRNA synthetases, or translation factors [127] . The realm of action of antideterminants can be broadened to include RNA processing and decay reactions, in which ribonuclease interactions with substrates can be controlled by antideterminant elements. These elements would include 3P hairpin stem loops, which block 3PC5P exoribonucleases [128] , and 5P end hairpin stem loops, which can inhibit RNase E-dependent degradation (e.g., see [129, 130] ).
Internal loops
A number of RNase III substrates exhibit an internal loop, within which occurs a single cleavage site [9,57^59,121] . Most of the T7 RNase III substrates exhibit an asymmetric [4 nt/5 nt] internal loop, wherein the single cleavage site occurs in the 5-nt strand. Internal loops enforce a pattern of singlestrand cleavage. Thus, changing the internal loop of a T7 substrate to fully W-C base-paired form allows coordinate cleavage on both sides of the helix, which is the pattern observed for regular dsRNA [118] . The internal loop also can control the site of cleavage. Thus, a 180³ rotational transposition of the internal loop in a T7 substrate equivalently transposes the cleavage site (A.W. Nicholson, unpublished) . A functional role for single-strand cleavage is to provide a 3P hairpin, which can protect the upstream sequence from 3PC5P exonucleases.
Comparison of the asymmetric internal loops of T7 RNase III substrates reveals conserved nucleotides, suggesting a speci¢c internal loop structure necessary for site-speci¢c, single-strand cleavage. However, a signi¢cant fraction of a T7 RNase III substrate pool which contains a randomized internal loop of 4 9 ( s 200 000) di¡erent sequences is cleaved at a comparable rate as the single-sequence parent substrate, and at the equivalent site (I. Calin-Jageman and A.W. Nicholson, unpublished) . This result argues against a requirement for a speci¢c internal loop sequence (and therefore speci¢c structure) for reactivity. Nevertheless, speci¢c sequences may confer optimal reactivity: a signi¢cant fraction of the T7 substrate pool with a sequence-randomized internal loop is resistant to cleavage (I. Calin-Jageman and A.W. Nicholson, unpublished) .
The reactivity epitopes for a consensus E. coli RNase III substrate may be summarized as follows. A primary epitope is a dsRNA element of minimal size slightly greater than one helical turn, and which extends in at least one direction from the cleavage site. Many substrates have helical elements extending in both directions from the cleavage site, which may re£ect symmetric binding of the homodimeric enzyme to substrate [131] . The cleavage site is determined by the site of RNase III binding, which in turn is dictated by bp sequence. More speci¢cally, the cleavage site is identi¢ed by the absence of antideterminant W-C bp within the 3-bp proximal box and 2-bp distal box. It is possible that the RNase III substrates may tolerate bp mismatches at positions outside the proximal and distal boxes. Finally, an appropriately positioned internal loop can provide the necessary reactivity epitope, directing singlestrand cleavage.
Are these E. coli RNase III substrate reactivity epitopes transferrable to RNase III orthologues? The core dsRNA element appears to be conserved, and internal loops are occasionally present. However, the inability of E. coli RNase III to cleave heterologous substrates (see above) suggests signi¢-cant di¡erences in reactivity epitopes between RNase III orthologues, perhaps at the level of W-C bp sequence. Also, other motifs may be used by RNase III orthologues: for the S. cerevisiae Rnt1p nuclease, a conserved tetraloop hairpin sequence near the cleavage site may be a reactivity epitope [108] .
RNase III structure and mechanism
The dsRNA speci¢city of RNase III is conferred in part by a speci¢c protein structural feature, occupying the carboxyl terminal one-third of the RNase III polypeptide. The motif is termed the dsRNA binding domain (dsRBD) [132, 133] , and occurs in many other proteins which bind dsRNA [73, 132] . As anticipated, the dsRBD is important for RNase III activity. Thus, a shortened version of RNase III which lacks the dsRBD is defective in vivo (S. Su and R.W. Simons, personal communication) and fails to cleave substrate in vitro in standard assay conditions (E.-J. Jun and A.W. Nicholson, unpublished) .
The structure of the RNase III dsRBD has been determined by NMR, and is a compact ellipsoid with an KLLLK tertiary fold [133] . The two K-helices exhibit an approximately parallel orientation on one surface of the antiparallel L-sheet, with the packing stabilized by hydrophobic interactions. The NMR analyses of a dsRBD from Drosophila staufen protein, and the tandem dsRBDs in the N-terminal domain of the dsRNA-dependent protein kinase, PKR, reveal essentially the same structures [134, 135] . An X-ray di¡raction analysis of a cocrystal of a dsRBD from Xenopus RNA binding protein A bound to a model dsRNA reveals that the dsRBD interacts with V16 bp, spanning two minor grooves and the intervening major groove [136] . The signi¢cant number of dsRBD-RNA contacts involving 2P-hydroxyl groups on both RNA strands explains the selective recognition of dsRNA, and general insensitivity to speci¢c bp sequence [136] .
A mutational analysis of the RNase III dsRBD reveals that speci¢c amino acid changes in the domain inhibit RNase III activity, through interfering with substrate binding. The in vivo severity of the mutations correlates with the loss of dsRNA-binding ability in vitro (A.K. Amarasinghe, A.W. Nicholson, S. Su, and R.W. Simons, in preparation). Residues implicated in dsRNA recognition are clustered at the N-terminus of the K 2 helix, and the connecting loop between L 3 and K 2 , although residues important for binding also may be present within the K 1 helix. The RNase III dsRBD in isolated form binds an RNase III substrate with an approximately 100-fold weaker a¤nity than RNase III. Clearly, the two dsRBDs cooperate in the homodimer to provide the requisite binding a¤nity, although the remainder of the polypeptide also must engage in substrate contacts (see below). The relatively weak binding a¤nity of the individual dsRBD may be important for the high catalytic e¤ciency of RNase III [137] , which must incorporate e¤cient release of the cleaved products in addition to productive binding of substrate. One scenario is that each dsRBD in the RNase III dimer interacts with a helical segment on either side of the cleavage site (e.g., see [131] ). Following cleavage, product release is facilitated by the relatively weak binding a¤nity of an individual dsRBD to each product helix. Formation of the 5P-monophosphate and 3P-hydroxyl RNA product termini in the active site may provide the signal for product release. The pattern of single-strand cleavage imposed by an internal loop may re£ect a disrupted interaction of one of the subunits with a substrate strand.
The RNase III dsRBD is not absolutely required for catalytic activity. Thus, under speci¢c conditions in vitro, a shortened form of RNase III lacking the dsRBD can cleave a small substrate at the canonical site (E.-J. Jun and A.W. Nicholson, in preparation). Thus, site speci¢city is determined in by dsRBD-independent mechanism, which is consistent with the sequence-nonspeci¢c nature of the dsRBD. Catalytic activity requires one or more protein carboxylate groups. First, treatment of RNase III with a carboxyl-group-speci¢c carbodiimide reagent abolishes catalytic activity without signi¢cantly inhibiting substrate binding (G. Xu and A.W. Nicholson, unpublished) . Second, sequence alignment of RNase III orthologues reveals eight highly conserved aspartic acid or glutamic acid residues, which are present within the N-terminal domain [71] . Mutation of one of these residues (glutamic acid 117) to either lysine or alanine suppresses cleavage without inhibiting substrate binding [131] . The RNase III [Glu117CLys] mutant is also catalytically inactive in vivo [138] . It is not known how many divalent metal ions are required for catalysis, nor is it known whether dimerization is required to create the active site(s), or whether each subunit contains its own catalytic site. The preparation of an arti¢cial heterodimer of RNase III, containing a mutant subunit and a normal subunit (e.g., see [139] ) may answer this question.
A current picture suggests that the mechanism of RNase III action involves the action of functionally and structurally distinct catalytic and dsRNA binding domains, which synergistically interact to provide catalysis. The dsRBD is required for substrate recognition in vivo, or at physiological salt concentrations in vitro. Since the typical RNase III substrate contains V2 helical turns, each subunit of the RNase III homodimer may interact with one helical turn in each direction from the cleavage site [131] . The ability of RNase III to cleave a substrate with a V12-bp stem loop (Figure 2) suggests that the enzyme may only need to employ one subunit for cleavage. This supports the proposal for a catalytic site in each subunit.
Control of RNase III activity
Regulation of RNase III activity occurs at several levels. First, E. coli RNase III regulates its own production by a post-transcriptional mechanism. The mRNA for RNase III is constitutively synthesized, while RNase III cleavage within the 5P-UTR initiates degradation [112^114]. This negative feedback loop establishes a constant level of RNase III. Second, RNase III is subject to covalent control. RNase III is phosphorylated following T7 infection, which stimulates dsRNA-cleaving activity V4-fold, as measured in vitro [140] . Phosphorylation is dependent upon a T7-encoded, serine/threonine-speci¢c protein kinase, and sites of phosphorylation in vitro include Ser195 and/or Ser198, which are located in dsRBD loop 3 (L.A. Aggison and A.W. Nicholson, unpublished) . Phosphorylation also occurs in the Nterminal domain of the RNase III polypeptide; however, the serine target(s) have not been identi¢ed.
Why is RNase III phosphorylated in the T7-infected cell? Neither RNase III nor the T7 protein kinase are essential for phage reproduction, at least under normal growth conditions. Nevertheless, T7 synthesizes large amounts of mRNA precursors, using its own highly active RNA polymerase [9] . These precursors are cleaved by RNase III, which in several instances enhances their translation [9, 57, 58] . Since T7 infection shuts o¡ host transcription [9] , phosphorylation would serve to maintain e¤cient phage mRNA maturation with a ¢xed amount of RNase III. In this regard it has been shown that phosphorylation of RNase III provides up to an V8^10-fold enhancement of cleavage in vitro of several T7 RNase III processing signals (L.A. Aggison and A.W. Nicholson, unpublished) . Since the T7 protein kinase phosphorylates many other proteins [141] , there are additional roles for phosphorylation in the phage reproductive cycle. There is no evidence for a host cell activity that phosphorylates RNase III (L.A. Aggison and A.W. Nicholson, unpublished) .
There is some evidence to suggest that RNase III is a ribosome-associated protein. First, RNase III cleaves the rRNA precursors, perhaps within the context of partially assembled subunits [7] , and a temperature-sensitive mutation in ribosomal protein S12 which a¡ects 30S subunit assembly is suppressed by a mutation in RNase III [142] . Second, RNase III copuri¢es with ribosomes, and can be released by a salt wash [143] . This behavior is reminiscent of that of translation initiation factors, which associate with the 30S subunit in a salt-sensitive manner. Third, RNase III in cell-free extracts exhibits a sedimentation behavior consistent with its association with a high molecular mass complex [144] . The same study revealed that PNPase exhibits an anomalously high sedimentation rate, which can now be attributed to its association with the degradosome [16, 17] . The number of RNase III dimers in the cell is in the order of several hundred, which is substantially less than the number of ribosomes [112] . A reversible, dynamic association of RNase III with the ribosome, coupled with a high catalytic e¤ciency could allow RNase III to carry out RNA maturation and degradation from a ribosomal locus. A ribosomal site for RNase III would provide a localized high concentration, which would enhance cleavage of the rRNA precursor in partially assembled subunits; and to facilitate cleavage of ribosome-bound mRNAs as part of their maturation or degradation pathways. In this scenario, RNase III would function in a manner analogous to the T4 RegB nuclease, which is selective only for translation initiation regions (see above).
If RNase III associates with the ribosome, what feature(s) of the protein may provide binding a¤n-ity? Clues are provided by another dsRNA-binding protein, PKR, which interacts with the small eukaryotic ribosomal subunit via the dsRBD [145] . The ribosomal association of PKR facilitates the phosphorylation of eIF2, which is also a small subunit ligand [145] . It is therefore also possible that the RNase III dsRBD may engage in small subunit contacts. The dsRBD may bind to a speci¢c rRNA segment; however, this mechanism would require RNase III binding without concomitant cleavage. Alternatively, protein-protein interactions could mediate binding.
Summary and prospects
There has been rapid progress in determining the mechanisms of bacterial ribonucleases and their roles in cellular and viral RNA metabolism. An important goal will be the completion of the inventory of E. coli ribonucleases. A related goal will be to identify the substrate reactivity epitopes for the ribonucleases. These data sets will assist in predicting substrate cleavage sites, RNA maturation and degradation pathways, and perhaps even estimate half-lives for speci¢c RNAs. However, for the last goal, knowledge of additional RNA structural elements and mRNA translational e¤ciencies will be needed. The archaeal ribonucleases still represent largely unexplored territory. Although the H. volcanii BHB endonuclease has been characterized, additional nucleases which hitherto have been resistant to identi¢cation through sequence alignments will be identi¢ed and characterized by biochemical and genetic approaches.
Determination of the physical structures of ribonucleases will complement biochemical and genetic analyses, and allow the characterization of catalytic mechanisms. As there are only several examples of covalent modi¢cation of ribonucleases [146, 147] , RNase III will provide a useful model for understanding post-translational regulation of ribonuclease activity. Finally, the key involvement of multiprotein assemblies in diverse cellular reactions [148] has been established in RNA metabolic pathways. An ongoing challenge will be to determine the higher-order structures and functions of complex protein (and RNA) machines involved in RNA metabolism.
